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EXECUTIVE SUMMARY

The Air Quality Assessment Model (AQAM) is a predictive
computer model developed by the Air Force in 1974 as a
planning tool to assess air quality impacts from Air Force
Operations; e.g., base closings, aircraft relocations, and
fuel conversion projects.

This study was performed to test the validity of AQAM
against experimental data gathered in complex terrain and to
compare its predictive ability against a United States
Environmental Protection Agency (USEPA) Model, COMPLEXII.
The operational emphasis was on sulfur emissions from coal
and the ability of AQAM to assess the impact of coal
conversion projects. The study consisted of two tracer
studies performed in the spring and fall of 1982. Sulfur
hexafluoride (SF6) was used as the tracer gas. A known
amount was released from a heating plant located on the
grounds of the USAF Academy. Samples were collected
downwind of the heating plant and analyzed for SF_, using
gas chromatography. Physical and chemical characé%ristics
of the heating plant stack (source) and known meteorological
conditions were input to AQAM and the model was run to
predict ground-level concentrations of SF_. AOAM’Ss
predictions were then compared to those ﬁeasured and
statistically compared.

When predicting the impact on air quality of future Air T
Force Operations, the parameter of most importance to
planners is the maximum ground-level concentrations of |
various pollutants. AQAM“s performance in this area was o
determined to be considerably better than COMPLEXII, (All SO
tests were performed in complex terrain.) AQAM was able to :::
predict the maximum ground-level concentration within a
factor of 5 of the observed, for 100 percent of the time, and
within a factor of 2, for 83 percent of the time. The EPA model L
was able to predict the maximum ground-level concentration RS
within a factor of 5 most of the time; however, COMPLEXII -
could only predict within a factor of 2, for 44 percent of
the time. AQAM tended to predict a qground-level :”ﬁ
concentration value of 80 percent of that observed. AT
COMPLEXII overpredicted the maximum observed concentration R
by an approximate factor of 2.

Another field study similar to this one is recommended, ]
but with certain changes. Building wake effects had a major R
effect on the observed data. These effects should be -
documented before any definitive statements concerning the N
predictive performance of AQAM can be made. The performance N
of AQAM, compared to a data base generated under more L
*controlled conditions,” is recommended; i.e., a flat plane _
with well-defined source characteristics. s

114 if“




AQAM offers a predictive tool for assessing the effects
of Air Force boiler operations on ambient air quality. Its e
predictive capabilities were found to be better than the
USEPA Model, COMPLEXII.
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SECTION I

INTRODUCTION

This report describes the technical approach used to
validate the United States Air Force Air Quality Assessment
Model (AQAM) and presents definitive conclusions concerning
its accuracy. The Air Quality Assessment Model was a
generalized model developed to predict the impact of Air
Force operations on surrounding air quality (Reference 1).
It was designed as a computational tool for preparing
environmental assessments, comparing predicted pollutant
concentrations to air quality standards, evaluating proposed
control strategies, and rank-ordering emission sources.

The objective of this study was to determine the ability
of AQAM to accurately predict impacts on air quality
resulting from emissions from a stationary point source in

complex terrain. The Air Quality Assessment model can _ )
analyze air quality impacts from several types of air o 1
pollutant generators, including stationary and mobile » 4

pollution sources and airborne flight operations. The model
can also analyze multipollutant emissions from point, area,
and line sources with a resolution of 1 hour. This study .
does not provide an encompassing validation of the accuracy T
of AQAM, but is 1limited to the stationary point-source

algorithm in complex terrain. As such, the validation must 97 —
be considered site-specific. *-;ji
Secondary objectives were to compile an accurate and ]

applicable data base, ensure that the computer models were S
applicable to the dispersion process described by the i |
experimental data, and develop an objective statistical -

methodology to evaluate AQAM”s performance.




: SECTION II

E TECHNICAL APPROACH

Established gaseous tracer technology (tracer release,
sample acquisition, and sample analyses) was used to compile
¥ an empirical gaseous dispersion data base, against which the
P performance of AQAM was measured. AQAM“s performance was

also compared against theoretical results predicted by the
- United States Environmental Protection Agency”s (USEPA)
gaseous dispersion model -- COMPLEXII.

Tracer technology allows accurate characterization of .
the dispersion process. The tracer-release mechanism
simulates a controlled air pollutant source. It allows the
rate, time duration, and physical location of the source to

be accurately controlled and measured. The chemical
composition of gaseous tracers is unique, compared to other
gaseous compounds in the atmosphere. As such, small

concentrations of the tracer gas can be monitored without
confusion with background concentrations or emissions from
other sources. Finally, a comprehensive sampling network
can be established downwind to the source in question. This
allows an accurate spatial definition of the pollutant
concentrations as they impact downwind areas from the
source.

Sulfur Hexaflouride (SF,.) was selected as the tracer gas
as it behaves in a manner é&milar to S0.,,. Conventional gas
chromatographic analyses techniques wete used to analyze
ambient air samples. Tracer data were gathered during seven
field tests performed on 3, 4, 5, and 6 May and 14, 15, and
16 September 1982, Meteorological data (windspeed and
direction, temperature, atmospheric stability, and J
3 mixing-layer depth) were also collected concurrent to the DR
- field-test time intervals. L

E Subsequent to the field experiments, the air quality : B
s models, AQAM and COMPLEXII, were executed, using the o]
B meteorological parameters and sampler locations present

during each field experiment. These predictive modeling
results were compared with experimental tracer data.
Selected test data were deleted from the tracer gas data '

base when a direct comparison to the model predictions was jﬁsﬂ
not possible without biasing the correlation; ie., wind RO
shift during the test period, or inadequate spatial hASOE
resolution. RO
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SECTION III L]

METHODOLOGY N

A. SAMPLING NETWORK DESIGN ot

Collection of ambient air samples was accomplished by Hgﬁ
establishing a sampling network prior %o each test day. -t o
Each sampler was placed downwind of the tracer gas release
point, using the relative wind direction passing across the .
tracer gas release point, in this case Heating Plant 2, RN
United States Air Force Academy. Consistent test results e
were maintained by keeping the basic structure of the R
sampling network the same. This also allowed for greater M
accuracy in correlating field data with predictive air F o
quality modeling results. Figure 1 shows the basic sampling e
network. The network consisted of 25 samplers, placed in L
five radial directions and downwind distances from the
release point. For this network, 25 different locations Sl
could be sampled concurrently. i |

B. GASEOUS TRACER TECHNOLOGY

Gaseous tracer technology uses tracer release, field
monitoring, and sample analyses to quantitatively trace the
transport of specific airborne constituents. Established
gaseous tracer materials, equipment, and instrumentation
were employed during all aspects of the study.

l. Tracer Release

The tracer gas sulfur hexaflouride (SFS), was
released approximately 20 meters above ground level from an
exhaust stack of the Heating Plant. (Figure 2) A standard
K cylinder (Linde, 99.0 percent purity) containing 100
pounds of SF6 was attached to a manifold system. This
system, shown in Figure 3, was composed of a dual-stage
regulator, a flow-metering valve, and a linear
mass-flowmeter (Hastings Model AHL-5GX-215) with strip chart
recorder. Tygon® tubing was used between the mass flowmeter
and an in-line stainless steel stinger which was used to
inject the tracer gas into the exhaust stack. (Figure 4)
Release flow of the tracer gas was controlled during all
testing periods. In addition, the SF6 cylinder was weighed
and the weights recorded periodically throughout each test.
These differential weights were wused to verify the
calibration of the mass flowmeter.
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Figure 1. SF¢ Sampling Network




Figure 2, Heating Plant Number 2, United States Air Force Academy
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Figure 3. Tracer Release System

N o I T L OIS
R I A AT TR AT T P IS FT P Dt S R Y S RPN P M PR A S PP KR .
A allel A0 altalt At s ot et et e e e it e s e s e a e PR N W WA




T T T T T T Ty TV P . wie sman Bt ek S Nl Aadh Jb e RS A e are e s sk sl B 256 20 nam age e aakr )
. PR - . .. . . R - - e - ot e . . . - L PR e - . BN
S . BN . W Te AR

B
LIRS
DS
.
.
— .
[

e oy

Figure 4. Heating Plant Number 2 Exhaust Stack i
Showing Stainless Steel Stinger B
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2. Field Sampling ' R

Gaseous tracer samples were collected with ERCO Model ® o d
DB4-B air quality samplers. (Figure 5) These samplers SUAA
sequentially collected four, l-hour, time-averaged samples S
using timed on-board pumps. Air samples were collected in R
polyethylene bags fitted with polypropylene adapters and ]
Tygon® tubing. The accuracy of the sampler to maintain its o T g
timing interval was + 30 seconds per hour. The samplers °
contained rechargeable battery packs, and could operate in

remote locations for extended periods of time. During field

operation, the samplers were loaded with new sample bags and

deployed to designated sample locations and activated upon o
test initiaton. Upon completion of the test, the sample - ‘
bags were sealed, transported to the 1laboratory, and ® 4
analyzed for sulfur hexafluoride within 4 hours after

collection.

3. Sample Analyses

*
re

All samples were analyzed, using an ERCO four-port, » o
discrete gas chromatograph (Figure 6). Column material was e
a 5S5-angstrom molecular sieve. The carrier gas was
ultrahigh-purity nitrogen. Sulfur hexaflouride was
determined using electron capture detectors (ECD, titanium SR
tritide). Both columns and detectors were operated at s
ambient temperature and pressure conditions. ’- 1
4
1

The ERCO Gas Chromatograph consisted of four
separate ECD-gas chromatographs operated in a sequential
manner, minimum detectability was 5 parts per trillion _
(ppT), with an accuracy of plus or minus 1 percent. The ;”“—
output signals were recorded on a dual-pen strip chart o
recorder (Soltec Model 220). 1Instrument calibrations were
performed hourly during sample analysis periods with
certified standards (Scott~Marrin Company). Calibration gas
concentrations were 50.1 and 510 ppT.

D. METEOROLOGICAL MFASUREMENTS R

1. Windspeed and Direction

Two temporary meteorological stations afforded
acquisition of field data during the SF_. tracer testing
days. The first station was constructed by ERCO and ]
consisted of an MRI remote meteorological monitoring system. ]
This system was placed on a 20-foot (6.l-meter) tower and e
provided continuous measurements of windspeed, wind
direction, and ambient temperature. This remote wind system
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v o Nt
et et
S [
»

------------------------------------------------------------------------------
......................................................................
.......

..........................




e N T T TR I T ST N T T T ——— LA v i ROC SN A e ot il SUNE avi Luth ardh aweh QU S oovel vl vl aieh Am aet e 4 B Ty
. . . T e . e T T T T AL A AP A T S RN

“

Figure 5. ERCO, Model DB4-B Air Quality Sampler
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Figure 6. ERCO Gas Chromatograph
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o was battery-powered and provided all outputs to a strip
. chart recorder. The second meteorological station was
'l established by the Civil Engineering Department of the
United States Air Force Academy (USAFA). This monitoring
system was also battery-powered but could not record its
measurements onto a strip chart recorder. Thus, the
recording of wind speed and direction was performed manually
by taking several observation throughout each testing
period.

2. Temperature

Temperature measurements were gathered by fixed-wing

EI aircraft at several altitudes over the USAFA airfield.
Temperature measurements were also made at ground level

using calibrated thermometers. These measurements were made

at Meteorological Station Number One, at ground level, when

the aircraft landed. Calculations of temperature change as

L a function of altitude were used to determine atmospheric
—— stability. (See Appendix a).

3. Mixing Depth Estimates

Mixing depths were estimated by using the academy

- airfield PIBAL wind data or Fort Carson, Colorado rawinsonde

i' data. These data were supplied by the Staff Meteorologist,
Tyndall Air Porce Base, Florida. (See Appendix A).

R E. QUALITY ASSURANCE CONSIDERATIONS

o A predefined quality assurance plan was implemented and
Ii used during this study. The plan was directed towards the
- collection of SF, tracer data. Energy Resource Company
maintained a forﬂ%l quality assurance plan for use in all . ]
tracer studies. The objective of this plan was to ensure N
that collected data adhered to predefined requirements for . -
L completeness, precision, accuracy, representativeness,
i‘ reproducibility, and comparability. The plan borrows .
s heavily from established methodology (References 2 and 3). 7

i~ During this project, many samples were reanalyzed. ]
RS Typically, samples chosen for reanalysis were : (1) samples B
o requiring analysis on a more sensitive range of the gas "oy
b“ chromatograph; (2) questionable SF_. concentrations that did
i not seem to correlate with other %masured data; and (3)
. samples chosen at random for quality assurance purposes.

: All sample bags were saved until all data had been analyzed,
reduced, and reviewed. Any outlying data points were
identified at this point and reanalyzed with appropriate
changes (if necessary) made to the data 1listings. All of
the samples chosen at random agreed within plus or minus 5
percent of the orginal analysis.
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Periodic calibrations of the critical testing equipment,
i.e., air samplers, gas chromatographs, and the SF¢ mass
flowmeter were performed either before or during testing
activities. The air samplers were tested for
cycling-accuracy and air-sampling flow rate prior to field
testing. The accuracy of the air samplers to sequentially
cycle from bag to bag was maintained within plus or minus 30
seconds per ur. The minimum acceptable air sampling flow
rate was 3 cm”/min.

Gas Chromatographs were calihrated with two certified
span gases, Calibrations were performed before and during
each hour of sample analyses. The linear range of the gas
chromatographs was 0 to 2000 ppT. All SF_. concentrations
measured during this study were less than 2600 ppT, and the
data were reduced using linear interpolation techniques.

The mass flowmeter controlling the SF,. release rate was
also calibrated during each testing period. Calibration was
accomplished by placing the cylinder of SF. on a scale and
monitoring weight loss as a function of time. Appropriate
corrections to the recorded release rates were performed at
the conclusion of the field study.

o d L L




AR R L L Y N U PR ST RN Y

SECTION IV

THEORETICAL MODELING APPROACH

A. MODELING RATIONALE

The primary objective of this study was to evaluate the
ability of AQAM to predict short-term ambient air impacts
from stationary point sources in complex terrain. The air e
quality predictive performance of AQAM was compared with . RN
experimentally observed results and predictive results from RALEEE
the USEPA Gaussian model COMPLEXII. The results from :
COMPLEXII are used to indicate the performance of AQAM in s
relationship to a standard USEPA air quality model. . ;‘;.;i

Evaluation of AQAM was accomplished, wusing input s
parameters measured during each tracer release period. HRRERE
These parameters were input to AQAM to generate a set of =
point-by-point comparisons of observed and predicted
concentrations.

.

The Parameters listed below were input to AQAM to
generate ground-level concentrations of the tracer gas.
These data were compared on a point-by-point bhasis to
concentrations measured in the field.

TABLE 1. INPUT PARAMETERS USED FOR EACH RELEASE

METEOROLOGICAL RECEPTOR

SOURCE DATA DATA DATA
Emission Rate Measured Wind Direction Receptor
Stack Exit Measured Wind Speed Location

Temperature Atmospheric Stability
Stack Exit Ambient Temperature

Velocity Atmospheric Pressure
Stack Mixing Depth

Diameter
Stack Height
Source

Coordinates
Stack Base

Elevation

COMPLEXII was executed with identical input parameters.
Correlations between AQAM”s predictions with the observed
tracer results and COMPLEXII predictions were then
ascertained.

12
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B. MODEL DESCRIPTIONS

This section describes the efficacy of AQAM and
COMPLEXII in predicting short-term ambient air impacts.
Included is a brief summary of each model”s characteristics
and those parameters found to affect model performance.

l. AQAM

Transport and dispersion of pollutant emissions are
modeled using steady-state Gaussian plume formulation, and
l-hour averaging time. AQAM can be used to model emissions
from point, area, and line sources. Sources of finite
initial volume are treated by a virtual source technique.
Line sources are treated by an analytical integration over
the length of the line, and, square-area sources are treated
as pseudopoint sources located some distance upwind of the
actual area source. Time-travel and travel-distance
dependent dispersion coefficients are used to estimate the
lateral and vertical diffusion of the plume according to
stability as determined by Turner”s criteria (Reference 4).
Effective emission height is estimated, using the downwash
rules of Briggs (Reference 5) and plume-rise equations of
Holland, Moses et al., or Briggs (References 5, 6, and 7).
Depth of the mixing layer can be input directly or
calculated, using a model developed by the Air Force. This
model utilizes surface observations and includes both
mechanical and thermal contributions.

The short-term model of AQAM calculates real-time,
hourly averaged pollutant concentrations over a receptor
grid using conventional Gaussian plume technique which
accounts for both lateral and vertical plume diffussion.
AQAM uses the Pasquill-Gifford dispersion coefficients
presented in Turner”s Workbook of Atmospheric Dispersion
Estimates, (Reference 4) which are converted from a 10- to
60-minute sampling time. The short-term model uses hourly
averaged windspeed and direction, stability, and mixing
depth assumed constant over the hour for which the
calculation is being performed.

2. COMPLEXII

Transport and dispersion of pollutant emissions are
modeled using a multiple-point-source Gaussian model with

optional terrain adjustments. COMPLEXIT estimates
concentrations on an hour-by-hour basis for relatively inert
pollutants, e.qg., sulfur dioxide (s0,). It  uses

Pasquill-Gifford dispersion parameters (Refgrence 4) and the
Briggs plume rise method (Reference 5) to calculate the
spread and rise of plumes. The model is most applicable for
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source-receptor distances less than 10 kilometers (6.2 S
miles) and for locations with 1level or gently rolling ]
terrain, Terrain adjustments are restricted to receptors o J
whose elevation is no higher than the lowest stack top. Ve
Options are also available for wind-profile exponents,
bouyancy-induced dispersion, gradual plume rise, stack
downwash, and plume half-life.

C. MODEL PARAMETERS

Correlation of tracer data to modeled results predicted
by AQAM and COMPLEXII is subject tc numerous

misinterpretations. Several parameters, e.g., source S
characteristics and meteorological conditions, can have a oY
significant impact on the predicted results. Model accuracy - L

.o . . .
PPV P AT WA

and validity are, therefore, dependent upon the values of
these parameters. Additionally, parameters which affect the
dispersion of the SF_ tracer which are NOT accounted for in
the air quality modeis must be ascertained to determine why

R
R

A B
a

a model may or may not correctly simulate the physical
environment correctly. The following directly influenced
differences of modeled results to SF6 tracer data.
1. Sampling Network Density

The density of the sampling network plays a key role ]
in obtaining experimental data that accurately described Q_.,1
peak plume concentration and plume widths. During unstable RS
atmospheric conditions, a wider, less dense sampling network RRRNN
was required since the plume is dispersed over a wider area. RN
During neutral or stable atmospheric conditions, however, :b;ﬁi
the plume was much narrower and required a very dense ——ad
sampling network to prevent it from passing between the o __

samplers. This characteristic was evident during the tracer
testing periods conducted under neutral and stable
atmospheric conditions. For example, COMPLEXII predicted a
peak concentratiqn of approximately 19.7 micrograms per PR
cubic meter (ug/m”) for 15 Sep 82, hour 1200-1300. Changing Lt
the jnodeled wind direction 5 degrees resulted in a 1.86 h
ug/m change in peak plume concentration at the same . IR
location, 1indicating the plume was narrower than the
regsolution afforded by the sampling network.

2. Plume Measurements at Low Windspeeds

Comparing modeled results to measured results during
low windspeeds; i.e., less than 2 meters per second (m/s)
can result in numerous errors. At times during the tracer
testing period, windspeeds less than 2 m/s were recorded
(near calm conditions). The wind direction under these

14




conditions meandered, causing the tracer plume to spread
across the entire sampling network. Neither AQAM nor
COMPLEXII could account for this meandering wind direction
during a l-hour sampling period, since the inputs for the
models specify only one wind direction during each sampling
; period. Modeling under these conditions could be improved
“ by modifying the model to accept specific wind directions as
a function of time over the sampling period.

I 3. Complex Terrain

As AQAM was "validated" in complex terrain, any
conclusions reached concerning its predictive capability
must be considered site-specific. Comparing modeled results
of ground-level concentrations to experimental tracer data

« in complex terrain resulted in many errors, For example,
complex terrain added turbulence, eddies, and channeling
effects to the plume at various downwind locations which
could not be input to the air quality models. The mean air SR
flow being deflected around an obstacle such as a hill would }Fbil
cause the centerline of the plume to change dramatically. i*"
Both AQAM and COMPLEXII cannot account for this deflection
and would assume that the plume would be transported along
the same path without being diverted. Additionally, as
explained in the stability determination, complex terrain
acts to disperse the plume more than flat terrain. These
characteristics could result in poor correlation of the
tracer data to modeled results.

4, Wind Measurements

Accurate measurements of windspeed and wind
direction are very critical in the modeling analysis, as a L
difference of only 5 degrees in the wind direction could :
result in large differences of modeled concentrations at the
same receptor location. Windspeed also has a significant
effect on modeled concentrations, since deposition of )
ground-level pollutants is a function of windspeed. R
Representative windspeed must be determined to correctly )
characterize the values of windspeeds at all locations and R
times throughout the sampling network. Two wind sensors I
located in complex terrain are not sufficient to provide the
accuracy required by the models.

5. Building Wake Effects

L A N
. N

The tracer gas was released from the exhaust stack
of the heating plant, 63 feet (20 meters) above ground
level. The stack exhaust exit was only 10 feet above the
building. With the stack exit located very close to the top
of the building itself, building wake effects could trap the
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released sulfur hexaflouride into eddies and aerodynamic
wakes caused by the wind flow across the building. Huber
and Snyder (Reference 8) and Huber (Reference 9) estimated
that exhaust from a point source would be affected by the
building wakes if the calculated plume height (the sum of
the stack height and the momentum rise at a downwind
distance of two building heights) is less than either two
and one-half building heights or the sum of the building
height and one and one-half times the building width. Both
conditions were present during every hour of testing. The
tracer plume was recirculated by the aerodynamic wake before
being transported downwind by the mean wind flow. This
regi;culation process acted to alter both plume height and
width.

6. Limits of Applicability of AQAM in Complex Terrain

AQAM was compared to experimental data taken during
unstable atmospheric conditions. Additional data were
obtained for stable atmospheric conditions. These data
could not be accurately compared to AQAM“s predictions
because the resolution of discrete sampling points was not
adequate to define the plume”s signature.

Results showed that AQAM could predict ambient and
quality impacts in complex terrain during wunstable
atmospheric conditions within acceptable accuracy.
Experience has shown that improved model-experimental data
correlation occurs during unstable atmospheric conditions.
One reason is the ability of the plume to “flow"™ over
complex terrain more readily during unstable conditions.

A stable air mass is not easily displaced upward and
tends to "pile-up" along windward slopes. If the terrain
elevation is too high, the plume will go around, rather than
over the terrain. During unstable atmospheric conditions,
the plume will not exhibit this tendency but will follow the
contour of the terrain, resulting in less horizontal plume
meander.

If sufficient experimental data were available for
stable atmospheric conditions, the correlation between
AQAM’s predictions and experimental data would not have been
as high. A specific case involves the situation where
terrain height exceeds plume height, causing the plume to
"flow" around, rather than over the terrain.
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SECTION V

Ez COMPARISON OF MODEL PREDICTIONS WITH OBSERVED GROUND-LEVEL o
CONCENTRATIONS -

- This section presents specific guidelines for the T
.- compilation of the data base used to summarize the tracer St
- field experiments. Certain data were accepted, or rejected -
rl from the data base. This dJdata base was used for direct

comparison with modeled predictive results.

A. METHODOLOGY

I: . 1. Rejection of Biasing Data =

t Several unique physical situations occurred during

data collection that AQAM and COMPLEXII were not designed to

5 handle. Applying AQAM to a physical situation for which it

= was not designed affected its validity. For the following T
conditions, the tracer data were deleted from the data base. -

a. Wind direction shift during the sampling period

b. Windspeeds less than 2 m/s

C. Neutral or stable atmospheric conditions. —
(Under these conditions the plume was narrower than the S
resolution provided by the sampling network.)

d. Zero, near zero, and low concentration
comparisons. (Taking the ratio of low concentration values
with zero or near zero values results in large relative
errors being associated with small differences in
concentrations.) To minimize these errors, results were
assumed zero when both AQAM and the tracer concentrations
were near zero., The emphasf{s in modeling is to predict
maximum concentrations; 1low concentrations are not as
critical.

2. Wind Direction Modifications

Wind direction is a key parameter which affects the
predictive performance of modeled results to measured or
observed results. A relatively small shift in wind
direction between two identical modeling runs can result in
large changes in concentrations predicted at the receptor.
The predictive performance of modeled results is highly
sensitive to the choice of wind direction. Apparent model
performance; i.e., correlation of observed and predicted
concentrations, can be improved significantly by an

17




appropriate choice of wind direction since the e
observed plume centerline seldom coincides exactly with the - el
measured wind direction. '5 B

For this study, the measured wind direction was modified
to align the peak concentration predicted by the models with
the observed peak concentration. This alignment of peak L
concentrations maximized model predictions at that location -3
and biased the comparision of predicted and observed maximum ’. .
concentrations. But, model validation was based on the
relative error of averaged measured concentrations, rather
than the single highest value.

C. Summary of Observed and Predicted Results

Tables 2 thru 13 summarize observed tracer
concentrations and the predicted AQAM and COMPLEXII
concentrations for each test day and hour accepted into the
final data Dbase. If both observed and predicted
concentrations were zero they were omitted from these
summaries. Furthermore, to allow statistics to be combined
from multiple test periods, all concentrations have been
normalized to remove emission rate dependance. All
concentrations fos combined statistics are calculated as X/Q
in units of sec/m”.

D. Statistical Rationale

Statistics were used to identify, determine, and
judge the correlation, if any, between the observed
(experimental) results and those predicted by AQAM,
Statistics were also used to ascertain conditions under
which AQAM could provide predictions within a certain
predefined tolerance. Three tolerance categories were
established to define the limits in which predicted results
differed from observed results. The categories were -
excellent agreement, moderate agreement, and no agreement, R
These categories were based on the ratio between observed »
and predicted results. Table 14 summarizes the categories. T

Given these tolerances, specific statistical tests
can be applied and a point-by-point comparison of observed
and predicted concentrations made. These tests provide e
definitive and reliable indications of the performance of »
AQAM., These statistical tests were established to address
the following three fundamental questions:

a. How effective is AQAM in predicting maximum
observed concentrations?

b. How effective is AQAM in predicting all
observed concentrations (both high and low)?
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appropriate choice of wind direction since the
observed plume centerline seldom coincides exactly with the
measured wind direction.

For this study, the measured wind direction was modified
to align the peak concentration predicted by the models with
the observed peak concentration. This alignment of peak
concentrations maximized model predictions at that location
and biased the comparision of predicted and observed maximum
concentrations. But, model validation was based on the
relative error of averaged measured concentrations, rather
than the single highest value.

C. Summary of Observed and Predicted Results

Tables 2 thru 13 summarize observed tracer
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concentrations for each test day and hour accepted into the
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summaries. Furthermore, to allow statistics to be combined
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normalized to remove emission rate dependance. All
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(experimental) results and those predicted by AQAM,
Statistics were also used to ascertain conditions under
which AQAM could provide predictions within a certain

predefined tolerance. Three tolerance categories were
established to define the limits in which predicted results
differed from observed results. The categories were

excellent agreement, moderate agreement, and no agreement,
These categories were based on the ratio between observed
and predicted results. Table 14 summarizes the categories,

Given these tolerances, specific statistical tests
can be applied and a point-by-point comparison of observed
and predicted concentrations made. These tests provide
definitive and reliable indications of the performance of
AQAM., These statistical tests were established to address
the following three fundamental questions:

a. How effective is AQAM in predicting maximum
observed concentrations?

b. How effective is AQAM in predicting all
observed concentrations (both high and low)?
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TABLE 14. TOLERANCE CATEGORIES USED TO EVALUATE
RELATIVE ERROR

DIFFERENCE IN OBSERVED
VERSUS PREDICTED TOLERANCE

(1 to 2) x Difference EXCELLENT AGREEMENT

I+

i
|
E
|
|
:
:
!

-+

(2 to 5) x Difference MODERATE AGREEMENT

1+

(5 to ») x Difference NO AGREEMENT
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c. On the average, does AQAM overpredict or
underpredict observed concentrations?

To answer the first question, the top three ’
concentrations during each test period were compared with '
each other. Comparing only the highest concentrations

observed during each test period biased the comvarison since
- the wind direction was aligned by matching the highest
. predicted concentration with the highest observed “
. concentration, Thus, comparison of the top three ’

. concentrations during each test period would alleviate the '

: biasing effect. Using the three maximum values to test the

effectiveness of AQAM to predict maximum concentrations

provided to be adequate, but the test was still .
somewhat biased. Averaging more points during each test s
period to decrease this biasing effect diminished the . I
objectives of the first statistical test since maximum S
concentrations were no longer being compared. Comparing the N
three highest measured concentrations against AQAM“s maximum R
predictions gave the optimum average, while still o
maintaining the objective of the first statistical test. -

The second statistical test provided an overall
evaluation of AQAM“s performance to predict both high and
low concentrations. All measured concentrations were
compared to AQAM’s predicted concentrations on a
point-by-point basis. One parameter had a big effect on i
this test - the structure of the plume. If modeled results I
predict a narrower plume width than observed, the e
statistical test will be comparing the zero concentrations
predicted by the model to nonzero observed concentrations e
and will tend to fall into the 1last tolerance category R
indicating no correlation. When both observed and predicted SR
concentrations were near zero, they were omitted from the ...
test. However, if one value was not near zero and the other
one was, then this data pair was included in the test. 1In
this case, the model could not accurately predict the plume
width and this datum must be included in the statistical
test.

The last statistical test determined if AQAM generally
overpredicts or underpredicts the observed concentrations.
A determination was made to ascertain if AQAM overpredicted
or underpredicted the maximum observed concentrations L
(important since regulatory decisions are usually based on IR
worst-case situations where maximum observed concentrations X
are analyzed). Applying this test on a point-by=-point e
basis, indicated how lower concentrations compared with each n

other - an indicator of the difference in plume width and
decay of the concentration downwind of the point of maximum
concentration. ,
i
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SECTION VI
DISCUSSION OF RESULTS Ry

A. GENERAL
The correlation between AQAM and COMPLEXII“s predictions

with observed concentrations are plotted in Figures 7 and 8.
These scatter plots include all data points of the final

v F Y w W

data base and illustrate the relationship of AQAM and >
F COMPLEXII to observed data over all measured concentration Ceet
levels.

b
b

Figures 7 and 8 illustrate the relative error between
observed and predicted concentrations. Each figure includes
a one-to-one correlation line, a factor of 2 difference
line, and a factor of 5 difference line. An analysis of
these figures shows:

‘e Kl .

1. Maximum concentrations predicted by AQAM tend to be
slightly 1less than observed <concentrations; maximum >
concentrations predicted by COMPLEXII tend to exceed !T~ﬂ
observed concentrations. .

2. The relative error between observed and predicted
concentrations for AQAM is limited to a plus or minus fac:or PR
of 5 difference; the relative error between observed and e
predicted concentrations for COMPLEXII tends to exceed the erﬂ
factor of 5 difference. One can conclude that the plume e
width predicted by COMPLEXII is narrower than the observed
plume.

Numerical results of the statistical tests wused to {:f*
ascertain AQAM”s performance are summarized in Table 15. A
Numerical results of the statistical tests used to ascertain
COMPLEXII performance are summarized in Table 16, The
results in Table 17 show that the AQAM and experimental data
are not normally distributed, i.e., the standard deviation S
(0) of both data arrays are greater than the mean (#). The »
non-normal distribution can be attributed to few data points e gien
with high values and many data points with low values. RN

The standard deviation of AQAM is slightly lower than
the standard deviation of the observed results which R
indicates that AQAM predicts lower concentrations than the !‘"
observed results. This is also evident when the means of D
the top three concentrations obtained during each test
period are compared. AQAM tends to underpredict the
observed results by approximately 20 percent. The standard
deviation of COMPLEXII 1is greater than both observed and BN
AQAM results. This indicates that COMPLEXII predicts higher Y
concentrations (larger variance) than both of these results.
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TABLE 15. STATISTICAL ANALYSIS BETWEEN AQAM AND J
EXPERIMENTAL TRACER DATA R

Number of Tests : 12

Nunber of Points : 159

Individual Statistics : mean  std. deviation mean of 3 cae
oone. highest per e
each tast

AQNM 1 1,308 2.0054 4.094
Tracer data :+ 1.810 -2.2549 5.043

r
et g R
i .
e b
PRVRTUT VEPT WU

Comparison Statistics

Ocxrrelation coefficient : 1.4347

Regression line ] slope = 0.623%
intercept = 0.1767

Distribution of Relative Error

3

$

Class interval: -infinity -5 -2  +/-1 2 5 inﬂnity
: $
!

: : s
Percent (%) 31 13.8 15.7 8.2 25.2 17. 0

Distribution of Relative Error
for highest 3 avg. comcentrations
from each test

Class interval: ~infinity -5 -2 0 2 5 infinity
3 3 : 3 8
H H

Percent 0.0 0.0 33 3 50. 0 16.7 0. 0

v foe
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TABLE 16. STATISTICAL ANALYSIS BETWEEN COMPLEXII

EXPERIMENTAL TRACER DATA

Mmber of Tests 3 12

Number of Points : 137

Individual Statistics 3 mean  std. deviation mean of 3
conc. highest per
each test
COMPLEXTI s 2.9 ] 6.1724 10.364
Tracer data t  2.066 2.3170 5.043

Camparison Statistics

Correlation coefficient : 4.743
Regression line t slope = 1,737
intercept = -0.5698

Distribution of Relative Error

Clasg interval: ~infinity -5 -2 +/-1 2 S infinity
3 $ H 3 2 3 H
H 4 3 : H H :
Pexcent (%) 5.1 15.3 10.2 13.1 27.0 9.2
Distribution of Relative Error
for highest 3 ave. concentrations
from each test
Class interval: -infinity -5 -2 +/-1 2 S infinity
H H 3 H 3 H H
: H H : : t r
Parcant 0.0 58.3 2§.0 16.7 0.0 0.0
37
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This characteristic is also evident when comparing the mean
of the highest three concentrations obtained during each
test period. COMPLEXII, on the average, tends to
over-predict the observed maximum concentrations by a factor
of 2.06. During each test period, the maximum concentration
predicted by COMPLEXII was always greater than the observed
concentrations.

A regression analysis between the observed and
AQAM-predicted concentrations was performed. Fitting a
first -degree polynomial equation to these concentrations
resulted in a regression line with a slope of 0.6235 and
intercept of 0.1767. AQAM closely parallels the observed
values slightly overpredicting observed results for low
concentrations and underpredicting observed results for high

. concentrations.

The first-degree regression analysis applied to the
observed versus COMPLEXII predictions resulted in a line
with a slope of 1.7137 and intercept of -0.5698. Unlike
AQAM, COMPLEXII tends to underpredict the observed results
for low concentrations and overpredict the observed results
for high concentrations (the slope being greater than
unity). Also, since the slope of this line is greater than
AQAM“s, COMPLEXII tends to predict a narrower plume with
higher concentrations than either AQAM or the observed
values,

Distribution of relative error is determined by
computing the ratio at each receptor location and time of
either the observed and predicted values, whichever is
greater than one. If observed concentrations are greater
than the predicted, then the relative error is positive.
Likewise, when predicted concentrations are greater than
observed, the relative error is considered negative.

B. AQAM

The distribution of the relative error results tabulated
in Table 17 inAicates that the observed concentrations were
greater than the predicted at approximately 67.4 percent of
the receptor locations. Coupled with the results in Figure 7°
this indicates that AQAM generally underpredicts the
observed concentrations., This conclusion is also supported
by observing the results of the relative error for the
average of the highest three concentrations obtained from
each test period. These results indicate that the average
of the maximum values predicted by AQAM are less than the
observed values 66.7 percent of the time. The relative
error between AQAM and the observed concentrations decreases ER
by analyzing only the highest concentrations. Approximately )




83 percent of these data fell within a factor of * 2, as
compared to 41 percent of all the data falling within the
same range. Large relative errors usually correspond to low
concentrations.

C. COMPLEXII

The distribution of the relative error for COMPLEXII
predictions versus observed results indicates a wide spread
in the distribution. One may also conclude that COMPLEXII
predict a narrower plume with higher concentrations as
compared to the observed plume. A summary of the predictive
performance of COMPLEXII is presented in Tabhle 17.
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SECTION VII L

SUMMARY o .

l. AQAM predicted ground-level concentrations within a
factor of 2 at 41 percent of the experimentally monitored
locations for unstable conditions (Stability Categories A,
B, C).

L
i

2., Insufficient data were collected to make any conclusions
about AQAM’s predicative performance in neutral and stable
conditions (Stability Categories D, E, F)

3. COMPLEXII predicted ground-level concentrations within a »
factor of 2 at 23 percent of the monitored locations.

4. AQAM predicted maximum concentrations within a factor of
5, 100 percent of the time.

5. AQAM predicted maximum concentrations within a factor of
2, 83 percent of the time.

TP

6. AQAM“s predicted values were 80 percent of the observed
values.

7. COMPLEXIT predicted maximum concentrations within a
factor of 5 for 100 percent of the time,

8. COMPLEXII“s predicted maximum concentrations within a
factor of 2 for 44 percent of the time.

9. COMPLEXII1”s predictions were 200 percent of the observed
values,

10. Use of terrain correction had no effect on AQAM” s
predictions during unstable conditions in complex terrain.

11, Statistically, AQAM underpredicted observed
concentrations.

12, Statistically, COMPLEXII overpredicted observed
concentrations.

13. Building wake effects (USAFA location) caused
significant discrepancies between observed and predicted
concentrations.

41

..............................
.............................

.........
...................................................................
..................




vy, vov.
LA

RN AL A g

Y

AR AR I AR AT AT AN A k. ari st R S i S e A A S A e e i R A
- - R P L . . . - -t -t - N

SECTION VIII

CONCLUSIONS

1. AQAM generally underpredicts observed concentrations.

2. COMPLEXII generally predicts a narrower plume with
higher concentrations than observed.

3. AQAM predicts ground-level concentrations more
accurately than COMPLEXII.

4. HAQAM can be used to predict the effects of future Air
Force stationary sources on ambient air quality with better
accuracy than COMPLEXII.
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APPENDIX A

METEOROLOGICAL MEASUREMENTS

METEOROLOGICAL MEASUREMENTS

Meteorological measurements were conducted at two
monitoring sites. Windspeed, wind direction, and ambient
temperature were at Station 1 and windspeed and direction
were monitored at Station 2, The meteorological data
monitored at these locations are presented in Tables A-1l,
A-2, and A-3.

Mixing depths were estimated, using rawinsonde data
from Fort Carson, CO or PIBAL data performed at the USAFA.
Table A-8 summarizes the mixing depth estimates.
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., TABLE A-5. ESTIMATES OF MIXING DEPTH AT USAFA
’ 14-16 SEPTEMBER 1982

DATE TIME ESTIMATED MIXING DEPFTH _
MSL, ft. AGL, ft. (USAFA Airfield)
14 Oct 82 13 2 7500 954 (a)
17 2 9800 3254 (a)
15 Oct 82 12 2 9000 2454 (b} Ft. Carscn
max teq;. was
54°F
16 Oct 82 13 2 9000 2454 (a)
17 2 10500 3954 (u)

(a) estimated using USAFA PIBAL (using wind shift as the
indicator)

(b) estimated using Ft. Carson rawinsonde (using max tem-
perture)

Note: USAFA Airfield Elevation is 6546 ft.
Cadet Area Elevation is 7250 ft.
Hcating Plant elevation is 7013 ft.

Mixing Depth = (MSL mixing depth altitude) - (terrain

elevation)
RIS A I I I R S IS ST I S IS I E ST ANEEES I INISINES SIS
USAFA PIBAL DATA
14 Sep 82 15 Sep 82 16 Sep 82
MSL, ft. 132 172 132 172 132 172
SFc 3607 1906 PIBAL was not 0208 1406
7000 2707 1607 launched this 0706 1406
8000 2418 1206 day because 1407 1104
9000 2520 0502 ceilings were 2414 1706
10000 2617 2704 500 ft. 2607 1706
11000 2622 2412 2514 2210
12000 2526 2418 2418 2423
13000 2535 2731 2537
14000 2438 2731 2546

IOTE: MSL - Mean Sea Level
AGL - Above Ground Level
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APPENDIX B

SOURCE CHARACTERISTICS
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TABLE B-1l. SOURCE CHARACTERISTICS - 1ST STUDY -
Date: May 3, 1982
| Time Temperature Boiler Output Q \'
(°R) (°K) (10)5 BTU/HR m3/s m/s ‘
- 16-17 855 (475) 40 .82 .45 ]
i 17-18 855 (475) 41 .84 .46 .
Date: May 4, 1982 o ‘
12-13 860 (477) 39 .81 .44 ER
| 13-14 860 (477) 40 .83 .45 S
: 14-15 855 (475) 38 .78 .43 raid
! 15-16 860 (477) 39 .81 .44 P-4
: Date: May 5, 1982
: 10-11 850 (472) 38 .78 .43
; 11-12 855 (475) 41 .84 .46
| 12-13 855 (475) 40 .82 .45
; 13-14 850 (472) 38 .78 .43
E Date: May 6, 1982
.
\ 10-1 850 (472) 35 .71 .39
| 11-12 845 (469) 32 .65 .36
’ 12-13 845 (469) 30 .61 .33
E 13-14 850 (472) 34 .69 .38
3
!
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TABLE B-2. SOURCE CHARACTERISTICS - 2ND STUDY

'I Date: 9/14/82
Time Temperature Boiler Output Q \'
‘ (°R) (10)° BTU/HR m3/s m/s |
11-12 881 64 1.35  .742 .-
| . 12-13 875 62 1.30 .71 b
13-14 865 57 1.18 .65 ]
14-15 865 57 1.18 .65 ]
Date: 9/15/82 -
. - -y
) 11-12 901 76 1.64 .90 L :
12-13 890 74 1.58 .87 .
13-14 886 70 1.49 .82 ]
14-15 884 68 1.46 .80 i
» Date: 9/16/82 —
! b
10-11 870 59 1.23 .68 S
11-12 865 57 1.18 .65 R
12-13 865 57 1.18 .65 S
13-14 865 57 1.18 .65 T
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N
e
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APPENDIX C

DETERMINATION OF THE VOLUMETRIC FLOW RATE
OF THE EXHAUST GAS FROM THE HEATING PLANT
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STACK_GAS VOLUMETRIC FLOW RATE CALCULATIONS

FUEL GAS ANALYSIS

Component Mole % MW
Methane, CH, 83.2 16
Ethane, C,Hg 5.6 30
Nitrogen, N2 6.0 28
Oxygen, O2 1.9 32
Carbon Dioxide, CO2 1.8 44

100%

Moles of Carbon (C) and Hydrogen (H2) per 100 moles of fuel

[o] H

2 r
In CH, 83.2 166.4 .
In Czn6 11.2 16.8
TOTALS 94.4 183.2
ASSUMPTIONS
Total Air (TA)=115% (15% excess air)

Unburned Fuel=0
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Combustion Calculations - Molal Basis

Fuel, 02, and Air Per Unit of Fuel FLUE GAS COMPOSITION
(Moles per Fuel Unit)
Moles of

Fuel Fuel [o] o co, 0, N, H,0
Constituent Constituent Hultlslier Moles %&eq‘d
C to CO), 94.4 1 94.4 94.4
H, 183.2 .5 91.6 183.2
Oz(Deduct) 1.9 1 -1.9

d ", 6.0 0 6.0
co, 1.8 0 1.8
SUM 184.1
O, and Air, Mole
FOr Total Air - 1l15%
02 (Theoretical) Required 184.1
= TA-100
0z (Excess) 50— X o2 27.6 27.6
0, (Total) Supplied 211.7
- .19

N, Supplied =1 X 0, 796.4 796.4
Air (DRY) Supplled-o2 + “2 1008.1
H,0 in Air=Moles Dry Air X .0212 21.4 21.4
Alr (Wet) Supplied 1029.5
Flue Gas Constituents - Total ' 96.2 27.6 802.4 204.6

Total Moles of Fuel Gas - (Wet) 1130.8 - (DRY) 926.2
M.W. of Fuel = .832 (16) + .056 (30) + .06 (28) + .019 (32) + .018 (44)
= 18.07
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MW (Wet) /379.5 (1)

g; SPECIFIC WEIGHT OF WET FLUE GAS =
3 = 27.65/379.5

.0729 1b/ft3

| g
.
|

SPECIFIC WEIGHT OF DRY FLUE GAS = MW(DRY)/379.5
29.78/379.5

.0785 1b/ft3

(1) Volume of ] mole of any gas at 60°F and 14.73 in HG
= 379.5 ft
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CONVERSION FROM MOLAL TO POUND UNITS

Weight of Each Flue Gas Constituent = Flue Gas Constituent x MW

. Constituent MW Amount of each Constituent Weight-Per Fuel Unit
(1bs) o
CO2 44 6.2 4232.8
- 02 32 27.6 383 2
NZ 28 802.4 22467 .2
H20 18 204.6 3682.8

Total Flue Gas Weight (WET) 31266
Total Flue Gal Weight (DRY)  27583.2

Wet Flue Gas /1b Fuel = Wet Wt./(MW Fuel X 100)

. = 31266/(18.07 X 100) = 17.3 1b Wet Fiue Gas
Tb Fuel _

Dry Flue Gas /1b Fuel = Drv Wt./(MW Fuel X 100)

27583.2 /(18.07 X 100) = 15.3 1b Dry Flue Gas
1b Fuel

Molecular Wt. of Wet Flue Gas = Wet Weight ,' #et Moles

L

31266/1130.8 = 27.65

Molecular Wt. of Dry Flue Gas = Dry Weight/Dry Moles

27583.2/926.2 = 29.78
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- CALCULATION OF VOLUMETRIC FLOW RATE -
' SPECIFIC GRAVITY OF FUEL = 0.6504) @ 14.73 psia & 60°F o

AIR DENSITY @ 14.73 psia & 60°F:

1b

- o =P = 14.73 (l44) ft° = .0765 1b i
- RT  53.3 £t 1b (460 + 60) 3

S ft * BGN
= 1bm R Sl

GAS DENSITY @ 14.73 psia & 60°F:

SF X = .0765 1b (.6504) = .0498 1b T
- £e3 £e3
—

THE HEATING VALVE OF THE FUEL IS(l):

- HV = 566.8 BTU @ 14.73 psia & 60°F
: £e3 .
or, CONVERTING TO A POUND BASIS:

% HV = 966.8 BTU/ft> = 19413.7 BIU

ny .0498 1b 1b FUEL

-~ £e
2 (1) CSPSG GAS COMPANY - NATURAL GAS ANALYSIS, 25 March 1982
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ASSUME BURNING RATE OF FUEL = 77 (10)5 BTU
HR

TOTAL MASS OF FUEL CONSUMED / HR IS:

= Burning Rate / HR

- 77(10)° BTU
HR

19413.7 BTU

1b FUEL

= 396.7 1b FUEL
HR

Knowing the amount of wet Flue Gas Produced Per Pound Fuel is:
17.3 1b wet Flue Gas / 1b FUEL
And solving for the amount of Wet Flue Gas Produced Per Hour:

Wet Flue Gas/HR = 17.3 1b Flue Gas
1b FUEL

x 396.7 1b_FUEL
R

= 6862.9 1b Wet Flue Gas/HR

Converting to a Volume Basis:

Wet Flue Gas/HR=6862.9 1b 1
HR 0729 ib

Ft3

A}

= 94141 Ft>

3
_ o = (26.15 Ft°)

SEC

Correcting to an Exhaust Temperature of 900°R & Pressure = 23.05

’

Wet Flue Gas/HR = [ 26.15 FT° (900"; 29.92  _ 58.75 FT°

. SEC 520/ | 23.05) - SEC
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APPENDIX D

SF6 SCALE CALIBRATION
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USAFA SF6 TRACER STUDY
SF6 Scale Calibration

Date: 9/13/82

Calibration Weight Indicated Scale Reading Scale Range *
(1bs) (1bs)
35.28 35.35 0-100 1bs
70.56 70.63 ~ 0-100 1bs
105.84 107.60 100-200 1bs
211.70 211.70 100-200 1bs

NOTE: This scale was used to measure the weight loss of
the SF6 cylinder during periods of SF¢ tracer releases.
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APPENDIX E

CONVERSION OF SF. CONCENTRATIONS IN ppT TO ug/m3
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Conversion of SF6 Concentrations in ppt to us/m3

-12 B s a=wole_ ., 10%g
~mo
conc (ug/m3) o conc_(ppt) (10) ppt & e
3 o
22.414 -Tn%fe-)(lo:;—me T_IS gn
g 10°¢ o
std
Molecular Weight of SF6 = 146.05 _ g
g-mole
Temperature = 293 K
Thus,
-12 parts —5 6
conc (ppt) (10) ppt  146.05 g-mole 10" ug
conc (Lg/m”) = . -3 m3 293°K ¢m
22.414 X 10

g-mole 103 273.15%
conc (pg/m3) = conc (ppt) x 6.075 (10)-'3

Therefore, to convert conc (ppt) to conc (ug/m3) oultiply SF6 conc (ppt)
x 0.006075 (conversion factor)

Reference: USEPA (1979), "Continuous Air Pollution Source Monitoring
System," page E2, Research Triangle Park, NC, June.
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